All relevant data are within the paper.

Introduction {#sec001}
============

Between 2010 and 2015, there have been declines of more than 50% in malaria cases worldwide \[[@pone.0205358.ref001]\]. Intensification of vector control programs, such as use of insecticide treated bed nets (ITNs) and indoor residual spraying (IRS) is recognized as the major causes of this decline \[[@pone.0205358.ref002]\]. However, the World Health Organization (WHO) estimates that since 2016 the number of malaria cases is now increasing again \[[@pone.0205358.ref001]\] and in many low and middle-income endemic areas, such as different regions of Africa, Asia and South America, malaria and other mosquito-borne illnesses still remain major public health challenges \[[@pone.0205358.ref001], [@pone.0205358.ref003], [@pone.0205358.ref004]\]. Improved vector surveillance tools are needed to monitor epidemiological trends, measure impacts of current interventions, and identify areas requiring specific resources or interventions. Although difficult to achieve, such tools should be effective in different areas, so that the data obtained can be compared across regions. Besides, for these tools to be considered representative, they should capture similar species diversities and physiological states of mosquitoes as those that would normally bite humans.

In many residual transmission settings in Africa and South America, there is need to intensify measurements of transmission. In east and west Africa, widespread use of long-lasting insecticide treated bed nets (LLINs) and IRS has caused significant changes in the composition of malaria vector populations during the past decade \[[@pone.0205358.ref005]--[@pone.0205358.ref008]\]. Proportions of early-biting and outdoor-biting vectors have now risen, and as a result, available tools for monitoring the vectors are not sufficiently effective \[[@pone.0205358.ref009]--[@pone.0205358.ref011]\]. The human landing catch (HLC) remains the most effective method for collecting anophelines in these settings, although it is a dangerous procedure, which involves volunteers exposing their legs to potentially infectious mosquito bites, and may also be affected by inherent differences in attractiveness among the human volunteers \[[@pone.0205358.ref012]\]. Recent advances developed by Ifakara Health Institute and partners, such as the electric grid trap \[[@pone.0205358.ref013], [@pone.0205358.ref014]\] and the odour-baited mosquito landing boxes fitted with electric grids \[[@pone.0205358.ref015]\], appear to offer better and safer alternatives, but their application remains constrained by high costs, difficulties in battery power storage and risk of human contact with electric grid.

The BG-Sentinel trap (BGS) \[[@pone.0205358.ref016]\], developed by Biogents, Germany, is among the most widely used mosquito traps around the world. It is mostly used for surveillance of *Aedes* mosquitoes, but has also been tested for *Anopheles* mosquitoes \[[@pone.0205358.ref017]--[@pone.0205358.ref019]\]. Recently, the BG-Malaria trap (BGM) was conceived by adapting the BGS, with minor modification, to improve its efficacy for sampling *Anopheles* species, and was demonstrated as an efficacious method for monitoring malaria vectors in Brazil \[[@pone.0205358.ref020], [@pone.0205358.ref021]\]. The BGS and BGM traps differ in the airflow orientation, i.e., the BGM is set upside down, 40 cm above the ground \[[@pone.0205358.ref020]--[@pone.0205358.ref022]\]. This trap was demonstrated to be particularly effective for sampling the Brazilian malaria vector, *Anopheles darlingi*. In initial field tests conducted in Brazil, the BGM caught consistently more *An*. *darlingi* than the other commercial traps tested, including BGS and CDC light traps, and performed almost as well as HLC \[[@pone.0205358.ref020]\].

More recently in controlled semi-field trials conducted using laboratory-reared *Anopheles arabiensis* inside large screened-cages in Tanzania, the BGM was consistently better than BGS \[[@pone.0205358.ref022]\]. No such tests have however been conducted with wild free-flying malaria mosquitoes anywhere in Africa. Here, we evaluated the BGM for field sampling of malaria vectors in three rural malaria endemic villages in south-eastern Tanzania. This current study was therefore also meant to validate the efficacy of the BGM as previously shown in Brazilian field studies \[[@pone.0205358.ref020], [@pone.0205358.ref021]\] and the Tanzania semi-field studies \[[@pone.0205358.ref022]\].

Methods {#sec002}
=======

Study area {#sec003}
----------

The work was conducted in three villages in Ulanga (Katindiuka village) and Kilombero (Minepa and Lupiro villages) districts in rural south-eastern Tanzania ([Fig 1](#pone.0205358.g001){ref-type="fig"}). The daily mean temperature in the area ranges from 20°C to 32.6°C. The rainfall varies between 1200 to 1600mm, annually, with a main rainy season from March to May and a short rainy season during October to December. The other months of the year, January-February and June-September, correspond to the hot and cold dry seasons, respectively. This region is a perennially meso-endemic malaria area, where the vectors comprise primarily *Anopheles funestus* and *Anopheles gambiae s*.*l*. complex, of which *Anopheles arabiensis* constitute \>99% of the complex \[[@pone.0205358.ref015], [@pone.0205358.ref023]--[@pone.0205358.ref025]\]. *Anopheles rivulorum* is also often incriminated with *Plasmodium* sporozoites, maybe an important secondary vector species in the area \[[@pone.0205358.ref026]\].

![Map of the study area showing the trap positions (circles) in the villages in Ulanga and Kilombero districts in Tanzania, where the study was conducted.](pone.0205358.g001){#pone.0205358.g001}

Mosquito sampling methods {#sec004}
-------------------------

### BG-Sentinel trap (BGS) {#sec005}

The BGS (Biogents HmGb, Regensburg, Germany), shown in [Fig 2](#pone.0205358.g002){ref-type="fig"}, is a collapsible, waterproof fabric cylindrical container white trap, measuring 35cm in diameter and 40cm in height \[[@pone.0205358.ref016]\]. At the centre of the trap there is a black collecting tube of 12cm diameter and 30cm height) with a bag for the collection of mosquitoes. A 12 volt electric fan measuring 14cm in diameter and powered by 12 volt battery, produces a continuous downward flow of air, which hits the floor of the trap and exits through a gauze cover on the top of the trap. The downward air current produced by the fan draws in the mosquitoes that approach the collecting tube. The spacious interior allows for addition of a wide variety of attractants, odours which exit through the gauze cover and serve to lure mosquitoes to the collecting tube. The trap was installed outdoors with the entry at 40cm above the floor.

![**Sampling methods: (A) BG-Sentinel and (B) BG-Malaria.** The functionality of the traps is shown on the left panel, while the installation in field is shown on the right panel of the figure. IF = Intake funnel; CB = Catch Bag; F = Fan; G = Gauze Cover; T = Tube; RC = Recipient of CO~2~; OB = Odour Bait. Arrows indicate the direction of the airflow. Adapted from Batista *et al*., \[[@pone.0205358.ref022]\].](pone.0205358.g002){#pone.0205358.g002}

### BG-Malaria trap (BGM) {#sec006}

The BGM is a simple adaptation of BGS trap and has been described in detail by both Gama *et al*. \[[@pone.0205358.ref020]\] and Batista *et al*. \[[@pone.0205358.ref022]\]. The BGM is hung upside down, at 40cm above the ground, and has an electrical fan (12V, 14cm diameter, powered by a 12 volt battery), which produces an upward suction that captures mosquitoes approaching the trap \[[@pone.0205358.ref020]\]. In the studies done by Gama *et al*. \[[@pone.0205358.ref020]\], the BGM was also tested with different black and white patterns to create a level of contrast essential for host seeking mosquitoes. However in this current set-up, the main difference between the two traps is the airflow orientation. The BGM was also installed outdoors with the entry at 40cm above the floor, as illustrated by [Fig 2](#pone.0205358.g002){ref-type="fig"}.

### Human landing catch (HLC) {#sec007}

As a standard reference, human landing catches were conducted outdoors nightly by trained volunteers, with field experience in the collection of mosquitoes. The volunteers were all men, aged between 21--33 years old. Informed consent was obtained from all the participants as described under the ethics considerations section. In each test, we worked with two volunteers, each working for a maximum of six hours a night.

Mosquito attractants tested {#sec008}
---------------------------

### BG-Lure {#sec009}

The BG-Lure (Biogents HmGb, Regensburg, Germany) consists of a mixture of ammonia, L-lactic acid and caproic acid in undeclared proprietary concentrations. It was used in the second experiment to identify a comparatively effective lure for field use when sampling mosquitoes with a BGM trap. This attractant was purchased directly from the manufacturer.

### Mbita-5 Lure (MB5) {#sec010}

The MB5 was originally tested in western Kenya and consists of ammonia (2.5%), lactic acid (85%), tetradecanoic acid (0.00025%) and 3-methyl-1-butanol (0.000001%) \[[@pone.0205358.ref027]\]. This attractant was also supplied by the manufacturer Biogents Company and was used in the second experiment.

### Ifakara blend (IB) {#sec011}

The Ifakara blend was originally developed and tested at Ifakara Health Institute in Tanzania and has been widely used for trapping malaria mosquitoes because of its ability to attract representative proportions of different mosquito species, similar to those that are typically attracted by humans \[[@pone.0205358.ref028]\]. This synthetic blend consists in a mixture of ammonia (2.5%), L-lactic acid (85%), propionic acid (0.1%), butanoic acid (1%), pentanoic acid (0.01%), 3-methylbutanoic acid (0.001%), heptanoic acid (0.01%), octanoic acid (0.01%) and tetradecanoic acid (0.01%) \[[@pone.0205358.ref028]\]. Unlike the BG-Lure and MB5, which were used only in the second experiment, this attractant was used in all the experiments in this study. The IB was also supplied by Biogents.

### Carbon dioxide gas (CO~2~) {#sec012}

In all the experiments, the lures were supplemented with CO~2~ gas, produced from yeast-molasses fermentation, to activate mosquitoes and synergize the attractive effects \[[@pone.0205358.ref029], [@pone.0205358.ref030]\]. In addition, in the experiments where the lures were compared, we also had a separate configuration where CO~2~ was the only bait in the BGM trap. Thus, we were able to separate effects of the CO~2~ gas itself. The CO~2~ was prepared using 500g molasses and 35g yeast mixed in 2 litres of water \[[@pone.0205358.ref031]\]. The mix was placed into a 5L plastic container and was delivered through a 60cm long silicon tubing (0.5cm diameter).

Odour-dispensing methods {#sec013}
------------------------

Microcapsules encased in a plastic cartridge (here referred to as BG-Cartridge and also supplied by Biogents) were used as dispensers for all the synthetic attractants in the experiments. However, for the experiment where odour-dispensing devices were tested, two other dispensers were added. The first was a batch of nylon strips, where each strip (measuring 26.5 x 1cm) was soaked in a solution of a different constituent of the Ifakara blend as originally described by Okumu *et al*. \[[@pone.0205358.ref032]\]. The second dispensing device added was the BG-Sachet (also supplied by Biogents), which consisted of the microcapsules of the IB odorant constituents encased inside a thin plastic low-density polyethylene sachet.

Study procedures {#sec014}
----------------

A series of experiments were conducted nightly between 06.00 P.M. and 07.00 A.M. in rural villages in south-eastern Tanzania to address the following three key questions: a) how efficacious is the BGM compared to BGS and HLC for sampling free-flying mosquitoes; b) which of the four mosquito attractants, i.e., BG-Lure + CO~2~, MB5 + CO~2~, IB+ CO~2~ or CO~2~ alone, is the most efficacious for baiting BGM; and c) which of the three dispensing methods, i.e., the nylon strips, the BG-cartridges or the BG-sachets, is the most efficacious for dispensing the IB in the BGM traps. All the experiments were conducted outdoors during the rainy season between the months of April and May of 2016.

### Experiment 1: Comparison of sampling methods for field collection of mosquitoes {#sec015}

To compare sampling methods for catching African malaria mosquitoes, three methods were selected and evaluated in the field. These included BGM, BGS and HLC. The methods were comparatively evaluated using a 3 x 3 Latin square experiment replicated four times, over 12 nights, and repeated in three different villages. However, in Minepa, additional collections were done to improve sampling effort, so that there were a total of 72 trap nights in that village, compared to 12 trap nights in each of the other two villages. In total, there were 96 trap nights for each of the sampling methods. The BGM and BGS traps were baited with the synthetic mosquito lure, Ifakara blend (IB) \[[@pone.0205358.ref028]\] supplemented with CO~2~ as described above and were set with the opening at approximately 40 cm above the ground level ([Fig 2](#pone.0205358.g002){ref-type="fig"}). The HLC was conducted outdoors by two volunteers, the first volunteer working from 06.00 P.M. until midnight, and the second volunteer working between midnight and 07.00 A.M. The traps were thoroughly cleaned every morning after the end of the nightly experiments.

To assess whether the traps were capturing mosquitoes of similar physiological state as those that naturally attempt to bite humans (represented by HLC), approximately 10% of the female *An*. *gambiae* and *An*. *funestus* collected by each method were dissected under a stereo light microscope. The dissected ovaries observed under 10X magnification under a compound microscope to determine the parity status (presence of stretched, i.e., parous or coiled tracheolar skeins, i.e., nulliparous) \[[@pone.0205358.ref033]\].

### Experiment 2: Comparison of attractants used for baiting the BG Malaria traps {#sec016}

To identify the most effective mosquito lure that can be used with the BGM trap for sampling host-seeking *Anopheles* mosquitoes, a 5 x 5 Latin square experiment was conducted. Five BGM traps, placed at five different locations, of which four were baited with either of the four candidate lures, and a fifth BGM was un-baited and used as control. The five different treatments compared in this experiment were a) IB supplemented with CO~2~; b) BG-Lure supplemented with CO~2~; c) MB5 supplemented with CO~2~; d) CO~2~ alone; and e) Control (an unbaited trap). The treatments were randomly rotated across all the five locations nightly. The traps were thoroughly cleaned every morning after the end of the nightly experiments. The experiment was replicated four times, amounting to 20 sampling nights for each treatment, during which each bait type had been to each of the locations four times.

### Experiment 3: Comparison of the odour-dispensing devices used in the BG Malaria trap {#sec017}

Here, methods dispensing the synthetic mosquito attractants were evaluated to determine which was the most efficacious for use in the BGM. Only the IB candidate attractant was used. We compared nightly mosquito catches in BGM traps baited with the IB \[[@pone.0205358.ref028]\], but dispensed from either: a) nylon strips \[[@pone.0205358.ref032]\], b) BG-Sachet or c) BG-Cartridge. A non-baited trap was used as control, so that there were four traps being evaluated. Each night, the traps were placed at four different locations, and the position of the dispensers rotated nightly. The traps were thoroughly cleaned every morning after the end of the nightly experiments. The devices were rotated in four positions in a 4 x 4 Latin square design with 5 replicates, totalling 20 sampling nights for each device, during which each dispenser had been to each of the locations five times.

Processing of samples {#sec018}
---------------------

Every morning, the mosquitoes collected during the experiments were transported to the Ifakara Health Institute Vector Laboratory (the VectorSphere) for sorting, identification and counting. Morphological classification was used to group the adults as members of the *An*. *gambiae* complex, *An*. *funestus* group, other *Anopheles* species, or culicines. A sub-sample of the *An*. *gambiae s*.*l*. and *An*. *funestus* mosquitoes of the different species were kept in micro-centrifuge tubes with silica gel for further analysis by Polymerase Chain Reaction (PCR) to identify sibling species.

Data analysis {#sec019}
-------------

The analysis was done using R software version 3.3.2 \[[@pone.0205358.ref034]\]. In all experiments, Generalized Linear Mixed Effects Statistical Models (GLMMs) in the *lme4* package were used to estimate the number of female mosquitoes of each taxon captured as a function of the different sampling methods, lures or dispensing devices. To account for the over-dispersion in the field data, number of mosquitoes captured (i.e., the mosquito count data of each taxon) were modeled following a negative binomial distribution with log link function \[[@pone.0205358.ref035]\]. In the first experiment, the main fixed effects were trap type. However, in the second experiment (testing the effect of different lures on the number of mosquito captured), the main fixed effect was type of lure, and in the last experiment (testing the effect of different odour dispensing mechanism), the main fixed effect was type of dispensing devices. To account for the variation in temperatures, winds and any other confounding factors during the study period, the experiment date and trap locations were treated as random factors for each analysis in respective experiments. Relative rates (RR) and 95% Confidence Intervals (CI) were used to estimate the relative influence of each fixed effect. In the parity status experiment, GLMM with binomial likelihood for proportion data in the *lme4* package were used \[[@pone.0205358.ref035]\]. Proportions of parous mosquitoes were modeled as a function of trap type, while experimental date and trap location was treated as random factors. The estimates of all experiments were considered statistically significantly different if p \< 0.05. Additionally, pairwise comparison tests were done using Tukey's honest significance difference post-hoc test (Tukey's HSD) to assess differences between individual groups.

Ethical considerations {#sec020}
----------------------

Volunteers participating in the study were adequately informed of the study objectives, potential benefits and potential risks, after which written informed consent was obtained. Adequate training on experimental procedures was given to the volunteers. All volunteers participating in mosquito experiments had access to weekly diagnosis of malaria and treatment if they became unwell, but no volunteer in this experiment became unwell. Ethical approval for the study was obtained from Ifakara Health Institute IRB (IHI/IRB/No: 34--2014) and Medical Research Coordination Committee of the National Institute of Medical Research (Certificate No. NIMR/HQ/R.8a/Vol.IX/1903).

Results {#sec021}
=======

Efficacy of BGM relative to other mosquito sampling methods: mosquito counts and vector species diversities {#sec022}
-----------------------------------------------------------------------------------------------------------

During the study period, a total of 31,051 mosquitoes were captured between all the sampling methods tested, representing five genera comprising *Anopheles*, *Culex*, *Mansonia*, *Aedes* and *Coquillettidia* ([Table 1](#pone.0205358.t001){ref-type="table"}). As malaria vectors were the prime focus of interest in this study, further analyses was done on *An*. *gambiae s*.*l*. and *An*. *funestus* mosquitoes.

10.1371/journal.pone.0205358.t001

###### Mosquito catches, grouped by taxa, with median number and Interquartile range (IQR) of mosquitoes caught per night by different sampling methods in the study.

![](pone.0205358.t001){#pone.0205358.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Species                    Human Landing Catch   BG-Malaria Trap   BG-Sentinel Trap                                                                     
  -------------------------- --------------------- ----------------- ------------------ --------------- ----------- ---------- --------------- ---------- ----------
  *Anopheles gambiae* s.l.   39\                   6369              56.0%              5.5\            1083        10.2%      1.5\            691        7.6%
                             (15.5--9.0)                                                (1.0--15.25)                           (0.0--6.25)                

  *Anophels funestus*        0\                    71                0.6%               0\              83          0.8%       0\              52         0.6%
                             (0--1)                                                     (0--1)                                 (0--0)                     

  *Anopheles coustani*       1\                    354               3.1%               0\              92          0.9%       0\              64         0.7%
                             (0--2)                                                     (0--1)                                 (0--0)                     

  *Anopheles pharoensis*     0\                    58                0.5%               0\              1           0.0%       0\              3          0.0%
                             (0--0)                                                     (0--0)                                 (0--0)                     

  *Anopheles ziemani*        0\                    11                0.1%               0\              1           0.0%       0\              15         0.2%
                             (0--0)                                                     (0--0)                                 (0--0)                     

  *Anopheles squamosus*      0\                    33                0.3%               0\              9           0.1%       0\              6          0.1%
                             (0--0)                                                     (0--0)                                 (0--0)                     

  *Culex* spp.               32\                   3757              33.1%              66.5\           8627        81.6%      59\             7821       85.9%
                             (15.0--54.25)                                              (22.5--142.0)                          (23.5--103.0)              

  *Mansonia* spp.            2\                    677               6.0%               2\              617         5.8%       1\              382        4.2%
                             (0--10)                                                    (0--5.25)                              (0--5)                     

  *Aedes* spp.               0\                    25                0.2%               0\              38          0.4%       0\              21         0.2%
                             (0--0)                                                     (0--0)                                 (0--0)                     

  *Coquillettidia* spp.      0\                    11                0.1%               0\              25          0.2%       0\              54         0.6%
                             (0--0)                                                     (0--0)                                 (0--0)                     

  **Total**                                        **11366**         **100**%                           **10576**   **100**%                   **9109**   **100**%
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------

The number of *An*. *gambiae s*.*l*. caught was influenced significantly by type of sampling method used (p \< 0.001) ([Table 2](#pone.0205358.t002){ref-type="table"}). Nevertheless, BGM and BGS captured similar numbers of *An*. *funestus* compared to HLC (RR = 1.2, 95%CI: (0.62--2.32), p = 0.587) and (RR = 0.71 (0.36--1.39, p = 0.314), respectively.

10.1371/journal.pone.0205358.t002

###### Estimation of sampling efficiency of the different sampling methods used (per night) relative to the human landing catch.

![](pone.0205358.t002){#pone.0205358.t002g}

  -----------------------------------------------------------------------------------------------------------------
  *Anopheles gambiae s*.*l*.   *Anopheles funestus*                                                        
  ---------------------------- ---------------------- -------------- --------- ------------ -------------- --------
  Human Landing Catch          66.34 ± 6.5            1              N/A       0.74 ± 0.2   1              N/A

  BG-Malaria                   11.28 ± 1.5            0.16\          \<0.001   0.86 ± 0.2   1.20\          0.587
                                                      (0.11--0.24)                          (0.62--2.32)   

  BG-Sentinel                  7.20 ± 2               0.08\          \<0.001   0.54 ± 0.1   0.71\          0.314\
                                                      (0.05--0.12)                          (0.36--1.39)   
  -----------------------------------------------------------------------------------------------------------------

Efficacy of BGM relative to other mosquito sampling methods: Parity rates {#sec023}
-------------------------------------------------------------------------

Approximately 10% (804/8349) of the *An*. *gambiae s*.*l*. and *An*. *funestus* females collected in these experiments were dissected to determine their parity status. Proportions of parous *An*. *gambiae s*.*l*. and *An*. *funestus* exceeded 50% with all methods, but no significant difference in parity rates was observed between the methods ([Fig 3](#pone.0205358.g003){ref-type="fig"}). The highest parity rate was observed in BGS, where 80% of the *An*. *funestus* dissected were parous, but the overall number of *An*. *funestus* dissected was limited compared *An*. *gambiae s*.*l*.

![Percentage of parous mosquitoes observed among collections using human-landing catches (HLC), BG-Malaria (BGM) and BG-Sentinel (BGS) traps.\
The number of mosquitoes dissected per method is included at the top of the bars.](pone.0205358.g003){#pone.0205358.g003}

Efficacy of mosquito lures used for baiting the BGM {#sec024}
---------------------------------------------------

The total numbers of mosquitoes collected in the second experiment, where different synthetic attractants were tested with the BGM trap, are shown in [Table 3](#pone.0205358.t003){ref-type="table"}. As expected, the lowest number of *An*. *gambiae s*.*l*. was collected by the unbaited trap, which was significantly lower than any of the other traps (p \< 0.001) ([Table 4](#pone.0205358.t004){ref-type="table"}). Pair-wise comparison test using Tukey's HSD showed that there is significant difference between the pairs formed by each treatment and control (CO~2~ --control \[z = 5.04, p \< 0.001\], BG-Lure--control \[z = 4.82, p \< 0.001\], MB5 --control \[z = 5.05, p \< 0.001\], IB--control \[z = 5.19, p \< 0.001\]). The rest of the pairs were not significantly different from one another.

10.1371/journal.pone.0205358.t003

###### Mosquito catches, grouped by taxa, caught by BG-Malaria traps baited with different lures (CO~2~ gas, BG-Lure, Mbita-5 Blend, Ifakara blend or no bait, i.e., control).

![](pone.0205358.t003){#pone.0205358.t003g}

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------
  Species                      Control     CO~2~    BG-Lure         Mbita-5 Blend   Ifakara Blend                                                       
  ---------------------------- ----------- -------- --------------- --------------- --------------- --------- --------------- --------- --------------- ---------
  *Anopheles gambiae s*.*l*.   0\          4\       1\              158\            1\              89\       2\              126\      2\              115\
                               (0--0)      (20%)    (0--3.5)        (19.7%)         (0--0)          (16.2%)   (0.75--6.25)    (19.4%)   (0--5)          (12.7%)

  *Anopheles funestus*         0\          0\       0\              0\              0\              2\        0\              4\        0\              4\
                               (0--0)      (0%)     (0--0)          (0%)            (0--0)          (0.4%)    (0--0)          (0.6%)    (0--0)          (0.4%)

  *Anopheles coustani*         0\          1\       0\              11\             0\              22\       0\              13\       0\              114\
                               (0--0)      (5%)     (0--0.25)       (1.4%)          (0--0)          (4%)      (0--1)          (2%)      (0--1.25)       (12.5%)

  *Anopheles pharoensis*       0\          1\       0\              2\              0\              2\        0\              0\        0\              12\
                               (0--0)      (5%)     (0--0)          (0.3%)          (0--0)          (0.4%)    (0--0)          (0%)      (0--0)          (1.3%)

  *Anopheles ziemani*          0\          0\       0\              0\              0\              1\        0\              0\        0\              0\
                               (0--0)      (0%)     (0--0)          (0%)            (0--0)          (0.2%)    (0--0)          (0%)      (0--0)          (0%)

  *Anopheles squamosus*        0\          0\       0\              1\              0\              0\        0\              0\        0\              0\
                               (0--0)      (0%)     (0--0)          (0.1%)          (0--0)          (0%)      (0--0)          (0%)      (0--0)          (0%)

  *Culex* spp.                 0\          11\      11\             519\            10\             374\      13\             444\      9\              551\
                               (0--0.25)   (55%)    (3.75--40.75)   (64.7%)         (3--23.25)      (68.1%)   (3.25--35.75)   (68.3%)   (4.75--47.25)   (60.7%)

  *Mansonia* spp.              0\          3\       1\              109\            0\              54\       1\              59\       1\              103\
                               (0--0)      (15%)    (0--4)          (13.6%)         (0--0)          (9.8%)    (0--5)          (9.1%)    (0--5)          (11.3%)

  *Aedes* spp.                 0\          0\       0\              1\              0\              3\        0\              3\        0\              4\
                               (0--0)      (0%)     (0--0)          (0.1%)          (0--0)          (0.5%)    (0--0)          (0.5%)    (0--0)          (0.4%)

  *Coquillettidia* spp.        0\          0\       0\              1\              0\              2\        0\              1\        0\              6\
                               (0--0)      (0%)     (0--0)          (0.1%)          (0--0)          (0.4%)    (0--0)          (0.1%)    (0--0)          (0.7%)

  **Total**                                **20**                   **802**                         **549**                   **650**                   **909**
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------

10.1371/journal.pone.0205358.t004

###### Estimation of sampling efficiency of BG-Malaria traps baited with different lures (per night) relative to control (unbaited trap)[\*](#t004fn001){ref-type="table-fn"}.
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  --------------------------------------------------------
  Lure            Mean Catch\   OR\              p\
                  ± SE          (95%CI)          value
  --------------- ------------- ---------------- ---------
  Control         0.20 ± 0.15   1                N/A

  CO~2~           7.90 ± 3.83   29.45\           \<0.001
                                (7.90--109.72)   

  BG-Lure         4.45 ± 1.66   26.16\           \<0.001
                                (6.93--98.70)    

  Mbita-5         6.30 ± 2.45   30.03\           \<0.001
                                (8.69--112.3)    

  Ifakara Blend   5.75 ± 2.43   32.23\           \<0.001
                                (8.69--119.56)   
  --------------------------------------------------------

\*Analysis was only done for *Anopheles gambiae s*.*l*., *Anopheles funestus* were too few to perform a robust analysis

Efficacy of different odour-dispensing devices used in the BGM {#sec025}
--------------------------------------------------------------

The total number of mosquitoes collected in the third experiment, where different devices were tested for dispensing the IB in the BGM trap, is shown in [Table 5](#pone.0205358.t005){ref-type="table"}. A total of 10,448 mosquitoes were collected, distributed in five genera. The proportional composition of mosquitoes of different species making up the total catch remained consistent with the first and second experiments. Here, 83.5% of all the mosquitoes caught were *Culex* spp., 10.5% were *An*. *gambiae s*.*l*., and 3.8% were *Mansonia* spp. ([Table 5](#pone.0205358.t005){ref-type="table"}). All the odour-dispensing devices performed significantly better than control for capturing *An*. *gambiae s*.*l*. mosquitoes, with BG-Sachet being the best odour-dispensing system \[RR = 70.71 (23.59--212.00)), p \< 0.001\], followed by BG-Cartridge \[RR = 48.46 (16.15--145.44), p \< 0.001\] and nylon strips \[RR = 18.67 (6.08--57.35), p \< 0.001\]. The Tukey's pair-wise comparison showed a difference between BG-Sachet and nylon strips (z = 2.78, p \< 0.05), but none of the other pairs were significantly different ([Table 6](#pone.0205358.t006){ref-type="table"}).

10.1371/journal.pone.0205358.t005

###### Mosquitoes, grouped by taxa, caught by BG-Malaria traps baited with Ifakara blend released by different odour-dispensing devices (BG-Cartridge, BG-Sachet, Nylon strips or no bait, i.e., control).
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  -----------------------------------------------------------------------------------------------------------------------------------------------
  Species                      Control     BG-Cartridge   BG-Sachet        Nylon Strips                                                
  ---------------------------- ----------- -------------- ---------------- -------------- ---------------- ---------- ---------------- ----------
  *Anopheles gambiae s*.*l*.   0\          8\             7.5\             388\           14.5\            555\       4.5\             145\
                               (0--1)      (4.3%)         (1.75--26.25)    (11.7%)        (2.75--42.50)    (15.7%)    (0--10)          (4.2%)

  *Anopheles funestus*         0\          0\             0\               5\             0\               33\        0\               17\
                               (0--0)      (0%)           (0--0)           (0.2%)         (0--2.5)         (1%)       (0--0)           (0.5%)

  *Anopheles coustani*         0\          0\             0\               29\            0\               47\        0\               17\
                               (0--0)      (0%)           (0--1)           (0.9%)         (0--1)           (1.2%)     (0--1)           (0.5%)

  *Anopheles pharoensis*       0\          0\             0\               7\             0\               5\         0\               0\
                               (0--0)      (0%)           (0--0)           (0.2%)         (0--0)           (0.2%)     (0--0)           (0%)

  *Anopheles ziemani*          0\          0\             0\               0\             0\               0\         0\               1\
                               (0--0)      (0%)           (0--0)           (0%)           (0--0)           (0%)       (0--0)           (0.03%)

  *Anopheles squamosus*        0\          1\             0\               0\             0\               3\         0\               20\
                               (0--0)      (0.5%)         (0--0)           (0%)           (0--0)           (0.1%)     (0--0)           (0.6%)

  *Culex* spp.                 5\          173\           128.5\           2641\          133\             2770\      131\             3137\
                               (0--10.5)   (94.1%)        (48.0--177.25)   (79.9%)        (52.5--180.25)   (78.6%)    (74.25--227.0)   (91.8%)

  *Mansonia* spp.              0\          2\             4\               222\           4\               108\       0.5\             69\
                               (0--0)      (1.1%)         (0--8.25)        (6.7%)         (0--7.25)        (3.1%)     (0--7)           (2%)

  *Aedes* spp.                 0\          0\             0\               6\             0\               1\         0\               6\
                               (0--0)      (0%)           (0--0.25)        (0.2%)         (0--0)           (0.03%)    (0--0.25)        (0.2%)

  *Coquillettidia* spp.        0\          0\             0\               5\             0\               4\         0\               7\
                               (0--0)      (0%)           (0--0)           (0.2%)         (0--0)           (0.1%)     (0--0)           (0.2%)

  **Total**                                **184**                         **3303**                        **3526**                    **3419**
  -----------------------------------------------------------------------------------------------------------------------------------------------

10.1371/journal.pone.0205358.t006

###### Pair-wise *post hoc* comparison using Tukey's honestly significance tests (Tukey's HSD) showing similarities and differences between number of *Anopheles gambiae* caught by BG-Malaria traps baited with Ifakara blend released by different odour-dispensing devices.
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  Treatment pairs[\*](#t006fn001){ref-type="table-fn"}   *z* value   *p* value
  ------------------------------------------------------ ----------- -----------
  BG-Sachet/BG-Cartridge                                 0.85        0.827
  BG-Sachet/Nylon strips                                 2.93        \<0.05
  BG-Sachet/Control                                      7.60        \<0.001
  BG-Cartridge/Nylon strips                              2.11        0.147
  BG-Cartridge/Control                                   6.92        \<0.001
  Nylon strips/Control                                   5.11        \<0.001

\*The pairs are listed according to the effectiveness of the odour-dispensing devices.

Identification of sibling species of *Anopheles gambiae s*.*l*. and *Anopheles funestus* group {#sec026}
----------------------------------------------------------------------------------------------

A sub-sample of the mosquitoes visually identified as *An*. *gambiae s*.*l*. and belonging to the *An*. *funestus* group were tested using PCR to identify their species. Of the 442 *An*. *gambiae s*.*l*. tested, DNA from 419 (94.8%) were successfully amplified, and all these mosquitoes were identified as *An*. *arabiensis* (100%). The amplification rate for the *An*. *funestus* group was 94.5% (52/55), of which 61.5% were *An*. *funestus s*.*s*. Giles, 32.7% were *Anopheles leesoni* and 5.8% were *An*. *rivulorum*.

Discussion {#sec027}
==========

This current study is the first field validation of the BGM in Africa and provides initial evidence of its performance against wild free-flying mosquitoes. To validate the potential of BGM for surveillance of disease-transmitting mosquitoes, particularly malaria vectors, we designed field experiments to compare it with existing standard sampling methods and commercially available traps, HLC and BGS. We also tested different attractants and odour-dispensing devices to use with the BGM. The BGS trap originally was designed for capturing *Aedes aegypti* \[[@pone.0205358.ref016]\], the vector of dengue fever, zika virus and chikungunya, but it has also been shown to be an effective sampling method for anophelines \[[@pone.0205358.ref017], [@pone.0205358.ref036]--[@pone.0205358.ref038]\]. In previous studies where BGS was compared to Suna Trap, CDC light trap and Mosquito Magnet X (MM-X) trap, the BGS trap caught higher numbers of *An*. *gambiae s*.*l*. than these other traps \[[@pone.0205358.ref039]\]. Schmied *et al*. \[[@pone.0205358.ref017]\] also demonstrated a higher catching efficiency for *An*. *gambiae s*.*s*. when compared to the MM-X trap in a semi-field setting.

Earlier studies in Brazil demonstrated that a minor adaptation of the BGS, involving using it upside down and using a black and white colour pattern, resulted in significantly higher catches \[[@pone.0205358.ref020]\]. These results recently have been validated in a semi-field assessments in Tanzania where the adaptation (i.e., the BGM) was evaluated against BGS \[[@pone.0205358.ref022]\]. In those semi-field tests, the BGM proved to be more efficient in catching the malaria vector *An*. *arabiensis* than BGS \[[@pone.0205358.ref022]\]. In this study, the superior performance of the BGM trap over the BGS trap in terms of nightly mosquito catches was also observed in the field. The BGM trap caught almost double the number of *An*. *gambiae s*.*l*. and also a higher number of mosquitoes from the other genera (*Culex*, *Mansonia* and *Aedes*). These results suggest that the BGM trap could be used for monitoring various mosquito vectors of human pathogens, including the malaria vectors. One clear disadvantage, however, is that though HLC caught mostly *An*. *gambiae* (constituting 56% of total catches), both BGM and BGS predominantly caught *Culex* mosquitoes (constituting \>80% of total catches), with *An*. *gambiae* being only about 10% of overall catches. This is an important parameter to assess representativeness of the BGM and BGS traps when used for surveillance of disease-transmitting mosquitoes.

Several attempts have been made to identify improved surveillance options for host-seeking mosquitoes, but a clear replacement for human landing catches remains elusive. Although there is no trapping device available that can successfully compete with HLC, the BGM trap previously has captured similar numbers of *An*. *darlingi*, the main vector of malaria in Brazil \[[@pone.0205358.ref020]\]. In the present study, the BGM trap captured more *An*. *funestus*, a species that is also a very anthropophilic mosquito, and it is a competent malaria vector \[[@pone.0205358.ref040]\], just like *An*. *gambiae s*.*s*., which is considered the most important vector species in Africa \[[@pone.0205358.ref041]\]. However, the number of *An*. *funestus* in this study was very low, so this specific outcome cannot be considered conclusive.

Due to large-scale use of vector control interventions such as LLINs and IRS, *An*. *gambiae s*.*s*. populations have decreased significantly, and there has also been a shift in the composition of malaria vector species in many places. Since 2000, particularly in the period following massive scale-up of LLINs, many sites in East Africa have reported that *An*. *arabiensis* is becoming the most abundant malaria vector \[[@pone.0205358.ref005], [@pone.0205358.ref042], [@pone.0205358.ref043]\], although *An*. *funestus*, which occurs in far lower densities than the former, is clearly the more dominant vector, transmitting nearly nine out of every ten new malaria cases in rural south eastern Tanzania \[[@pone.0205358.ref023]\]. Moreover, while *An*. *arabiensis* presents an opportunistic behaviour, feeding both on humans and animals \[[@pone.0205358.ref044], [@pone.0205358.ref045]\], *An*. *funestus* preferentially feeds on humans. Its persistence as well the high sporozoite prevalence rates it harbours, consequently leads to far greater increases in entomological inoculation rates (EIR). This has been reported by Lwetoijera *et al*. \[[@pone.0205358.ref043]\] and by Kaindoa *et al*. \[[@pone.0205358.ref026]\], both of whom showed that *An*. *funestus* is a highly efficient malaria vector in the same area in rural Tanzania, where the current study was conducted. Overall, monitoring these vector dynamics require a new set of sampling tools that are easy to use, low cost and standardisable across settings, but also those that can measure the core behaviour of the vectors such as their biting behaviours \[[@pone.0205358.ref046]\].

In recent years, certain major breakthroughs have been made in the search for better surveillance methods. Examples include development of highly effective synthetic lures similar to natural host odours \[[@pone.0205358.ref027], [@pone.0205358.ref028]\] and recent development of the mosquito electrocuting trap \[[@pone.0205358.ref013], [@pone.0205358.ref014]\] and the MosqTent \[[@pone.0205358.ref047]\], which compared sufficiently with human landing catches when field-tested for sampling malaria vectors. Although comparable to HLC, these mentioned traps are based on the same system, regardless protection, the presence of a volunteer is still required, which can be susceptible to an error bias due to the difference in attractiveness among humans, thus hindering the standardization of such methods. Therefore, the use of traps with synthetic attractants, which mimic human odours without exposing them to risks, can be an alternative to these methods. In this context, the combination of odour-baited devices with electric grids \[[@pone.0205358.ref015]\], and the recent adaptation of BGS to form BGM, which also proved very efficient when compared against human landing catches for field-collections of *An*. *darlingi* \[[@pone.0205358.ref020]\], are good examples. Our findings offer new evidence for the performance and potential of the BGM in African settings, where despite having lower catches than HLC, it could be an improvement over the current alternatives such as BGS.

According to Mboera \[[@pone.0205358.ref048]\], a trap can be considered effective for capturing anthropophilic anophelines if its performance is comparable to that of HLC, not only in number of specimens captured, but also in the parity ratio of the females. In this current study, dissections of 10% of all *An*. *gambiae s*.*l*. and *An*. *funestus* specimens collected showed no difference in the proportions of parous females captured by BGM and HLC, corroborating the findings of Gama *et al*. in Brazil \[[@pone.0205358.ref020]\], who reported a similar physiological conditions in the sampled specimens. Besides demonstrating higher likelihood of being infected, monitoring parous females could be effective as a means of assessing the effectiveness of control interventions. Although not catching more mosquitoes than human attraction, the BGM trap was sufficiently comparable to HLC on the basis of the parity rates in both the two vector species assessed. In these experiments, both BGM and BGS also were capturing malaria vectors of same physiological state as human landing catches. All mosquitoes collected were unfed, and when dissected, we observed that the proportion of parous mosquitoes was consistently above 50% across all trap types, and that there was no difference between the traps.

The preference for feeding on humans displayed by anthropophilic mosquitoes has led to the development of odour blends for attracting these mosquitoes through a process of analysing the attractiveness of volatiles produced by humans \[[@pone.0205358.ref049]--[@pone.0205358.ref052]\]. The synthetic human odour developed at Ifakara Health Institute (Ifakara Blend) is an example of this type of blend, and it was demonstrated to be more attractive than humans at medium to long range \[[@pone.0205358.ref028]\]. In our findings, this blend was also highly attractive, although there were no statistical differences with the other lures tested for capturing *An*. *gambiae s*.*l*. All the synthetic blends tested in several studies were added with CO~2~, a routine procedure to enhance mosquito responses \[[@pone.0205358.ref028], [@pone.0205358.ref036], [@pone.0205358.ref038], [@pone.0205358.ref053], [@pone.0205358.ref054]\]. Nevertheless, here the traps baited with CO~2~ alone attracted similar numbers of *An*. *gambiae s*.*l*. as traps baited with the synthetic attractants evaluated. Since the role of the CO~2~ in the attraction of host-seeking anophelines is well known \[[@pone.0205358.ref029], [@pone.0205358.ref055], [@pone.0205358.ref056]\], different sources, other than pressurized cylinders and dry ice, have been evaluated to use in traps to reduce the costs \[[@pone.0205358.ref031], [@pone.0205358.ref057], [@pone.0205358.ref058]\]. Yeast-fermented molasses, which has been demonstrated previously to be an effective and low-cost alternative source of CO~2~ for odour-baited trapping systems of mosquitoes \[[@pone.0205358.ref031]\], was used in our experiments. Our results confirm these previous findings, showing that a trap baited with CO~2~ originated from this mixture together with a synthetic lure can be effective.

In addition to having a good attractant, the success of odour-baited tools also is influenced by the selected odour-dispensing devices. In our experiments, the highest catches of *An*. *gambiae s*.*l*. were associated with the IB-treated microcapsules from Biogents Company encased in a plastic sachet. In other studies, nylon strips were the most effective matrix for dispensing synthetic attractants \[[@pone.0205358.ref032], [@pone.0205358.ref059]\]. However, the results demonstrated in this study shown that polymer materials such as the microcapsules on the sachets and plastic cartridge perform better than nylon strips for monitoring malaria mosquitoes. The same result was also reported in our semi-field study \[[@pone.0205358.ref022]\], where polymer materials were more effective for sampling *An*. *arabiensis* and also in a recent study conducted in Porto Velho, Brazil, with other polymer-based odour-dispensing devices (Batista *et al*., unpublished). Elsewhere, Mweresa *et al*. \[[@pone.0205358.ref060]\] showed that alternative textile materials such as cotton and polyester could be more effective than nylon as a sustainable dispenser for synthetic attractants of host-seeking *Anopheles* mosquitoes. However, such devices do not allow control odour dispensation and are therefore short-lasting. Ideally, the odour dispensers should provide a constant and long-lasting efficacy in field sampling.

In our results, this trap is an effective tool for sampling mosquitoes. Nevertheless, there is need for a more refined attractant to yield representative vector samples as HLC. In our view, this remains priority if the new trap designs such as BGM and BGS are to be implemented widely. One other gap is that we did not test the devices for sampling indoor-biting vectors. Even though the residual malaria vectors increasingly bite outdoors, it is essential that a surveillance tool works properly in both indoor and outdoor settings. Additional studies in field settings are therefore recommended, both for validating and improving functionality of the BGM trap, but also for assessing its potential when used in intervention programs such as mass trapping \[[@pone.0205358.ref061]\] or in push-pull systems \[[@pone.0205358.ref062], [@pone.0205358.ref063]\].

Conclusion {#sec028}
==========

We have described the BGM trap as a potential tool for field-sampling malaria vectors in Africa. The performance of this trap is vastly improved when used with an effective attractant, such as the Ifakara Blend, dispensed using an effective device such as polymer materials encased in the BG-Sachet. The physiological states of malaria vectors caught in BGM and BGS were similar to those naturally attempting to bite humans. However, both BGM and BGS predominantly caught more culicines than *Anopheles*, compared to HLC, which caught mostly *An*. *gambiae s*.*l*. Therefore, even though the trap have potential for field-sampling of African malaria vectors, the lack of representativeness of mosquito species diversity may limit its application as alternative for field-sampling of *Anopheles* mosquitoes.
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